Mutations in the Saccharomyces cerevisiae SSU71 gene were isolated as suppressors of a transcription factor TFIIB defect that confers both a cold-sensitive growth defect and a downstream shift in transcription start-site selection at the cycl locus. The ssu71-1 suppressor not only suppresses the conditional phenotype but also restores the normal pattern of transcription initiation at cycl. In addition, the ssu71-1 suppressor confers a heat-sensitive phenotype that is dependent upon the presence of the defective form of TFIIB. Accurate transcription initiation by RNA polymerase II (pol II) requires auxiliary factors that include the TATA-binding protein (TBP) and transcription factors TFIIA, TFIIB, TFIIE, TFIIF, and TFIIH (1-3). These factors assemble in a defined order on a DNA template to generate a functional transcription preinitiation complex in vitro (4). A minimal transcription system composed of pol II, TBP, TFIIB, and TFIIF is necessary and sufficient for accurate basal transcription (5, 6), although TFIIF is dispensable for transcription from a supercoiled template (7). In the yeast Saccharomyces cerevisiae, several of these factors exist in a holoenzyme complex with pol II, consisting of the 12 pol II subunits and the Srb proteins, along with either TFIIB, TFIIF, and TFIIH (8) or TFIIF, Sugl, and Galil (9).
Accurate transcription initiation by RNA polymerase II (pol II) requires auxiliary factors that include the TATA-binding protein (TBP) and transcription factors TFIIA, TFIIB, TFIIE, TFIIF, and TFIIH (1-3). These factors assemble in a defined order on a DNA template to generate a functional transcription preinitiation complex in vitro (4) . A minimal transcription system composed of pol II, TBP, TFIIB, and TFIIF is necessary and sufficient for accurate basal transcription (5, 6) , although TFIIF is dispensable for transcription from a supercoiled template (7) . In the yeast Saccharomyces cerevisiae, several of these factors exist in a holoenzyme complex with pol II, consisting of the 12 pol II subunits and the Srb proteins, along with either TFIIB, TFIIF, and TFIIH (8) or TFIIF, Sugl, and Galil (9) .
The functional role of the basal transcription factors and the mechanism of transcription initiation are the subjects of intense investigation. Mutations in the yeast genes encoding TFIIB (SUA7) and the largest subunit of pol II (RPB1/SUA8) can dramatically affect transcription start-site selection, thereby establishing a role for these two components in defining start sites in vivo (10, 11) . Moreover, TFIIB and pol II appear to be the sole determinants of accurate start-site selection in vitro, since replacement of both TFIIB and pol II from S. cerevisiae by their counterparts from Schizosaccharomyces pombe is sufficient to switch start-site selection to the pattern characteristic of S. pombe (12) .
Sequence analysis of TFIIB revealed three structural features: a zinc-finger motif near the N terminus, two imperfect repeats in the C-terminal two-thirds of the protein, and a
The publication costs of this article were defrayed in part by page charge payment. This articie must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. potential amphipathic helix flanked by the repeats (10, 13) . These elements are organized into structurally distinct domains defined as a compact, protease-resistant C-terminal core, and a protease-susceptible N-terminal region (14, 15) . Mutational analysis demonstrated that the C-terminal core is necessary and sufficient for interaction with the TBPpromoter complex and that the N-terminal region interacts with pol II-TFIIF and is essential for basal transcription initiation (14) (15) (16) (17) (18) . The N-terminal region also includes the most phylogenetically conserved region of TFIIB. This sequence lies immediately distal to the zinc finger and is required for accurate start-site selection in vivo (19) .
TFIIF has been identified from human [RAP30/RAP74 (20) ], rat [3/,y (21)], Drosophila [factor 5 (22) ], and S. cerevisiae [factor g (23) ]. Human TFIIF is composed of two subunits with apparent molecular masses of 30 kDa and 74 kDa (24) , whereas factor g is composed of three subunits of 105 kDa, 54 kDa, and 30 kDa (23) . A number of biochemical properties have been assigned to TFIIF, including high affinity for pol II (20, 22, 23, 25) , stabilization of the preinitiation complex (26) (27) (28) (29) , accurate start site recognition (24) , and the ability to stimulate the rate of elongation (22) . The individual contributions of the RAP30 and RAP74 subunits to TFIIF functions are not well understood. Although RAP30 has been implicated in many of the functions attributed to TFIIF (5, 27, (30) (31) (32) , the role of RAP74 has remained obscure. However, recent evidence indicates that both subunits are required for most functions attributed to TFIIF (29, 33) .
We are using a genetic approach to identify components of the transcription preinitiation complex, emphasizing identification of factors that functionally interact with TFIIB. We recently reported that replacement of the phylogenetically invariant Glu-62 by lysine in TFIIB can have a dramatic effect on transcription start-site selection (19) . In addition, the Glu-62 -> Lys replacement confers a pronounced coldsensitive (Csm-) growth defect, a phenotype often associated with defects in assembly of multisubunit complexes (34 *The sequence for SSU71 reported in this paper has been deposited in the GenBank data base (accession no. U14527). Table 1 corresponds to the iso-1-cytochrome c content as determined by low-temperature, whole-cell spectroscopy (35) and is reported as a percentage of the iso-1-cytochrome c content in.a CYCl+ strain. Isolation of the SSU71 Gene. The SSU71 gene was isolated from a YCp5O genomic library (37) by complementation of the Tsm-phenotype conferred by the ssu71-1 allele using strain YZS14 as the host. The relationship between the complementing DNA and the genetically defined ssu7l locus was established by integration of the cloned DNA into the genome of strain YDW546 (sua7 SSU71 + leu2) by homologous recombination (38) . This tags the chromosomal locus of the cloned DNA with the LEU2 marker. The resulting strain was crossed with strain YZS14-2B (sua7 ssu7l leu2), sporulated, and dissected. The LEU2 marker segregated opposite of ssu7l (Tsm-) among all progeny. The SSU71 gene was delimited by restriction analysis to a 3.2-kb Kpn I-Sph I DNA fragment ( Fig.  1 ). Southern blot analysis confirmed that the 3.2-kb Kpn I-Sph I DNA fragment was isolated intact from the yeast genome and that SSU71 is a single-copy gene (data not shown). DNA Sequence Analysis. The sequences of both strands of SSU71 were determined by the dideoxy-terminator method using the M13 universal primer or SSU71-specific primers and single-stranded DNA derived from exodeoxyribonuclease III deletions of SSU71.
Sequence Comparisons and Homologies. DNA and protein sequence comparisons were performed by using the BLAST algorithm (40) , accessed via the National Center for Biotechnology Information E-mail service.
Determination of Transcript Start Sites. Primer extension was performed as described previously, using total RNA and the cycl-specific primer oIP-13 (10) . Primer extension products were resolved in an 8% polyacrylamide DNA sequencing gel and visualized by autoradiography. 1) , and the suppressor alleles were designated ssu71-1 (YZS14) and ssu71-2 (YZS45) ( Table 1) .
RESULTS
The second class of Tsm+ transformants remained Csm+. Analysis of plasmid DNA recovered from these transformants revealed a restriction pattern characteristic of the SUA 7 gene. This suggested that the Tsm-phenotype conferred by ssu71 is dependent upon the sua7-1 mutation. This was confirmed genetically. Whereas Tsm-:Tsm+ segregated 2:2 among the meiotic progeny from a cross of YZS14 to a sua7-1 mutant (sua7/sua7 SSU71/ssu 71), Tsm-:Tsm+ segregated at an overall ratio of 1:3 from a cross of YZS14 to a wild-type strain (SUA7/sua7 SSU71/ssu7l). The dependency of the Tsmphenotype associated with ssu71 on the sua7-1 allele implies a functional relationship between TFIIB and the product of SSU71.
The SSU71 Sequence. The DNA sequence of SSU71 identified an open reading frame encoding 735 amino acids, corresponding to a protein with a molecular mass of 82,194 daltons (Fig. 3) . Consistent with the size of the coding region, RNA (23) . The genes encoding these three subunits were recently isolated and sequenced. The deduced N termini (14 residues) of the TFG1-encoded p105 subunit and the Ssu71 protein were compared; the two sequences were found to be identical (42) . Subsequent comparison of the entire sequences confirmed that Ssu71 and p105 are indeed identical (42) . Thus, SSU71 is identical to TFG1 and encodes the largest subunit of yeast TFIIF. The discrepancy between the deduced (82 kDa) and apparent (105 kDa) molecular masses of the Ssu71/p105 protein is presumably due to anomalous migration in SDS/PAGE. Highly charged proteins are known to exhibit anomalously slow migration in SDS/PAGE (43) , and RAP74 is such a protein, with a calculated molecular mass of 58 kDa and an apparent molecular mass of 74 kDa (41, 44) . Although the slower mobility of RAP74 might be a consequence of posttranslational modification, recombinant RAP74 synthesized in Escherichia coli also migrates at 74 kDa (44 (Fig. 1) , and the resulting construct was used to disrupt one allele of SSU71 in a homozygous leu2-diploid strain. Upon sporulation and dissection, viable-toinviable spores segregated at a ratio of 2:2 (14 tetrads), and all viable spores were phenotypically Leu-(data not shown). Four-spore viability was restored when the diploid strain was transformed with plasmid pM435 (SSU71) prior to dissection. These experiments define SSU71 as an essential gene.
The ssu71 Suppressor Restores Normal Start-Site Selection in an sua7 Background. The sua7-1 mutation confers a marked effect on transcription start-site selection. Since the Csmphenotype and start site effects are a consequence of the same mutation (10, 19), we asked whether the ssu71-1 suppressor also compensates for the start-site shift. Restoration of the normal initiation pattern in the ssu7l strains was anticipated based on their iso-1-cytochrome c phenotypes. These strains carry the cycl-5000 allele, which is the result of an aberrant ATG translation start codon [upstream ATG (uATG), position -20] in the transcribed leader region of cycl-SOOC (10). This mutation diminishes iso-1-cytochrome c synthesis to <2% of normal. The sua7-1 mutation partially suppresses this defect by shifting transcription initiation downstream of the uATG, enhancing the iso-1-cytochrome c level to "30% of normal (10) . However, the iso-1-cytochrome c level was restored to <2% of normal in the ssu7l mutants ( Table 1 ), suggesting that initiation had shifted back upstream of the uATG.
An effect of ssu7l on start-site selection was confirmed by mapping transcription start sites at the cycl gene by primer extension analysis. Consistent with previous results, sua7-1 enhanced..initiation at downstream sites, including discrete sites between positions -28 and -14 (Fig. 4, lanes 1 vs. 2) . The normal initiation pattern was restored in the ssu71-1 mutant (Fig. 4, lane 3) , and this effect cosegregated with ssu71-1 (Fig.  4, lane 4) . Thus, ssu71-1 does not simply compensate for Csmbut also influences start-site selection, presumably through interaction, either direct or indirect, with TFIIB. Glu-62 is an invariant residue within the most phylogenetically conserved region of TFIIB. This region and the adjacent zinc-finger motif are included within the proteolytically susceptible domain of TFIIB that is required for recruitment of pol II-TFIIF to the promoter-TBP-TFIIB complex and for transcription initiation (14) (15) (16) (17) (18) . TFIIF is thought to mediate the interaction between pol II and the promoter-TBP-TFIIB complex and this function has been attributed specifically to the RAP30 subunit (27) . Consistent with this premise, TFIIB binds to RAP30, and this interaction has been mapped to the N-terminal domain of TFIIB (18 Proc. Natl. Acad ScL USA 92 (1995) The mechanism of transcription start-site selection is not well characterized, although TFIIB and pol II are the sole determinants of accurate start-site selection in a yeast in vitro system (12) . It is noteworthy that mutations in both TFIIB (sua7) and the largest subunit of pol II (sua8) exert nearly identical downstream shifts in start-site selection (10, 11) .
Furthermore, all sua7 and sua8 mutants are extremely Csm-, a phenotype often associated with defects in the assembly or stability of multisubunit complexes (34) . Perhaps the effects of sua7 and sua8 mutations on start-site selection are a consequence of impaired ability to form a stable preinitiation complex at the initiation site. In yeast, initiation generally occurs at multiple sites located typically bp from TATA. Yet promoter melting and pol II entry occur at a fixed distance of '20 bp from TATA, suggesting that the pol II complex binds the promoter and then "scans" for suitable start sites (50) . In the sua7 and sua8 mutants, the assembly or stability of the complex might be altered such that scanning proceeds further downstream of normal. The data presented here suggest that the Ssu71/p1O5 subunit of TFIIF is a component of the scanning preinitiation complex and that the ssu71-1 mutation might stabilize the complex to restore the normal initiation pattern. This would be consistent with the established role of human TFIIF in stabilization of the transcription preinitiation complex-perhaps by promoting DNAprotein contacts between the TATA element and the transcription start site-and in formation of the first phosphodiester bond (24, 26, 28, 33) .
